Abstract China, Russia, and India are playing an increasingly important role in global nanotechnology research and development (R&D).
Introduction
Nanotechnology is a fundamental technology that promises to revolutionize many industries and change medicine and our daily consumer goods. It is increasingly recognized as an indicator of a nation's technological competence. More than 60 countries have started national nanotechnology programs (Roco 2001 (Roco , 2007 . Worldwide nanotechnology research has experienced rapid growth in recent years. The status of nanotechnology research and development (R&D) was reviewed in previous papers (Chen and Roco 2009; Hullmann 2007; Kostoff et al. 2006a, b) . Li et al. (2008) conducted a longitudinal study of the worldwide nanotechnology development status using papers published in the Thomson Science Citation Index Expanded (SCI) database. Studies on knowledge diffusion between industry and academia were performed by Meyer (2001) and Shapira and Wang (2008) .
The United States, Europe, and Japan have been identified in previous studies as major contributors of nanotechnology innovations (Huang et al. 2004) . China, Russia, and India have also been active in patent (Huang et al. 2004 ) and paper (Li et al. 2008 ) publications and have an increasing impact on global research:
• China's nanotechnology R&D investment is estimated to be about 250 million US dollars in 2008. This is reflected in an increased number of nanotechnology papers, although the paper research impact is still lower than the leading countries (Guan and Ma 2007) . Shapira and Wang (2008) reported in China's relatively high nanotechnology research output with weaknesses in commercialization and international patenting of the research.
Bibliometric analysis of Chinese scientific literature was discussed by Zhou and Leydesdorff (2006) and Liu and Zhang (2007) .
• In Russia, it has been reported that approximately 20-25 million US dollars in funding have been invested on nanotechnology research annually since 2002 (Tretyakov 2007) . Borisova et al. (2007) surveyed Russian SCI publication growth and identified the Russian Academy of Sciences (RAS) as the leader among Russian institutions.
• In India, the government planned to spend 23 million US dollars on nanotechnology between 2004 and 2009 (Hassan 2005) , and the investments on new research programs and centers have increased significantly after 2007. Patent analysis studies have been conducted on the publications of the Council of Scientific and Industrial Research (CSIR) in India (Rajeswari 1996; Sangeetha et al. 1999 ).
Previously, Bhattacharya and Nath (2002) compared China's and India's technology impact using patent grant data from the United States Patent and Trademark Office (USPTO). Bhattacharya et al. (2007) also compared the patents granted by the US, European, and Indian Patent Offices for India's nanotechnology research status. Kostoff et al. (2007a, b) assessed the science and technology (S&T) status of India and China based on scientific literature in the SCI database. In order to provide a more comprehensive assessment of the nanotechnology research and development in China, Russia, and India, this paper studies their nanotechnology scientific literature and patent publications in the Thomson SCI and USPTO databases.
Methodology
We apply a keyword-searching method to collect nanotechnology papers and patents similar to the methodology used by Huang et al. (2004) . The list of nanotechnology keywords was provided by domain experts (Huang et al. 2004) . We choose the Thomson SCI database for paper collection. It provides a broad coverage of journals in more than 150 disciplines, including Biology, Chemistry, Engineering, Materials Science, Medicine, etc. Such broad coverage is relevant due to the multi-disciplinary nature of the field of nanotechnology, which may lead to publication of nanotechnology papers across a wide range of journals.
SCI provides citation information between papers, which allows one to analyze paper impact. We choose the USPTO database for patent collection. The USPTO database is the largest repository for nanotechnology innovations in the world (Li et al. 2007; Kowalski et al. 2003) , which allows us to provide a representative comparison of nanotechnology advances between countries. The USPTO requires applicants to cite all related prior work, which enables citation-based analysis. For the collection of papers, we conduct keyword search only in the title and abstracts (''title-abstract'' search) as they are publically available. For the collection of patents, we conduct keyword search in entire patent contents (''full-text'' search).
Our collections of SCI papers and USPTO patents span from 1976 to 2007. We apply bibliographic, content map, and citation network analyses in our paper and patent datasets. Bibliographic analysis includes basic analysis, publication trends, and impact analysis for each country. We identified the most productive and higher impact institutions and the journals with a large number of publications for each country. The citation network analysis describes the knowledge diffusion in these countries. Due to limitations in the data, some analyses were not statistically meaningful and are not reported here. Table 1 showed data reported in this paper.
Data description

SCI papers
We collect SCI papers for these three countries span from 1976 to 2007. China had a total of 49, 193 nanotechnology-related SCI papers, with its first paper published in 1984 (Table 2) . These papers were published by 2,990 institutions and 29,381 authors. Russia had a total of 12,307 papers published by 1,593 institutions and 22,758 authors from 1976 to 2007. The number was much smaller for India, with 9,126 publications from 1,116 institutions and 11,092 authors between 1980 and 2007. In recent years, the three countries experienced rapid growth in paper publications. In China, the number of nanotechnology papers increased 577% from 2000 to 2007, while the contributing authors increased 344% (Table 3 ). In the same time period, Indian paper publications increased 656%, although the total number of publications is still small. Russia had a relatively slower growth rate (119% for papers and 143% for authors) compared with the other two countries.
USPTO patents
In USPTO, patents were also collected in 1976-2007 period for the three countries. China assigned its first nanotechnology patent in 1989 and had a total of 162 patents in this time period (Table 4) . These patents were assigned to 104 assignees and 364 inventors. India produced fewer patents than China, and Russia had far fewer than both China and India. While the (Table 5) .
Bibliographic analysis
Basic analysis: top institutions/assignees Tables 6, 7 , and 8 show the top 10 institutions with the most nanotechnology paper publications in China, Russia, and India, along with their number of publications in 2000 and 2007. We found that nine of the top 10 Chinese institutions were universities ( (Table 7) .
In India, most of the top 10 institutions were research institutions and labs. Indian Institutes of Technology (IIT) were the most productive institution, with about twice as many publications as the second productive institution, the Indian Institute of Science (IIS; Table 8 Tables 9, 10, and 11 report the most productive assignees in patent publication in these three countries. In China, most of the top patent assignees are universities and private companies; many institutions are in Hong Kong. SAE Magnetics (H.K.) Ltd., one of the world's leading independent manufacturers of hard disk magnetic recording heads, was the most productive in publishing nano-related patents. It produced nearly twice as many patents as the second productive institution, Tsinghua University. Tsinghua University and CAS, the most productive institutions in paper publications, were also among the top Chinese assignees (Table 9 ). In Russia, most assignees did not publish a large number of nano-related patents in USPTO (Table 10 ). All the assignees in India were universities, private companies, or national research centers (Table 11 ). Among them, the Council of Scientific and Industrial Research (CSIR), a national research center, was the most productive assignee. It has nearly seven times as many patents as secondary institutions.
Comparing the paper and patent publications in these three countries, we found that: (1) China published more papers and patents in the nanotechnology domain than Russia and India, (2) CAS, RAS, and IIT were the most productive in paper publications in the three countries, respectively, and (3) the most productive institutions were quite different in paper and patent publications: most of the productive paper publication institutions were universities, while several product patent assignees were private companies. Some of the top Chinese universities, such as Tsinghua University and CAS, were productive in both paper and patent publications.
Basic analysis: top journals Tables 12, 13 , and 14 present the major journals in which nanotechnology papers were published in the three countries. We manually identified the journals' publication countries and subject categories in the Thomson SCI database. Applied Physics Letters, Materials Letters, and Journal of Physical Chemistry B published the largest number of Chinese nanotechnology papers. Of the top 10 journals for Chinese nanotechnology paper publication, four were in the United States, two were in the Netherlands, one was in England, and the other three were in China. These journals are related to categories, such as physics, chemistry, and material science (Table 12) Physical Review B, Physics of the Solid State, and Semiconductors were the top three journals for publishing Russian nanotechnology papers. Among the top 10 publication sources, seven were domestic journals (Russian journals) and the other three journals were from the United States (Table 13) . Most of them were quite consistent in their subject categories and focused on physics. In general, these journals showed an increase in publishing Russian papers in 2007 as compared with 2000 (Table 13 ). Among them, Technical Physics Letters showed a higher growth rate, from 19 papers in 2000 to 56 papers in 2007.
Journal of Nanoscience and Nanotechnology, Journal of Applied Physics, and Physical Review B were the sources that published the greatest number of Indian nanotechnology papers (Table 14) . Of the top 10 journals, seven were from the United States, two from the Netherlands and one from England. Most of the top sources focused on chemistry, physics, materials, and the like. India has published papers in Journal of Nanoscience and Nanotechnology since 2001, and it was the most productive publication source in 2007. Many other journals also showed a fast increase, such as Nanotechnology and Applied Surface Science. In general, journals from the US and the Netherlands were the major sources that published the three countries' papers. In addition, domestic journals played a very important role in publishing Russian and Chinese papers. Physics of the Solid State and Chemistry Journal of Chinese Universities-Chinese are the major domestic journals for Russia and China, respectively. Physical Review B and Applied Physics Letters were the two major international journals for the three countries. Nanotechnology, an English journal, showed a rapid increasing trend in publishing both Chinese and Indian papers. Fig. 2 Number of nanotechnology patents in the USPTO database (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) number of publications). Comparing the three countries, the numbers of SCI papers published by China highly exceeded those published by Russia and India, especially during the 2000s. India showed a faster increase in the 2000s than Russia, and exceeded Russia in 2006 and 2007 (Fig. 1) . After year 2000, the average annual growth rate for paper publications in China was 31.43%, as compared with 11.88% in Russia, and 33.51% in India.
Patent publication in China had an increasing trend after 1995, but showed a decrease in 2007. India showed a decreasing trend after 2002. Russia's patent publication did not show much increase after 2003 (Fig. 2) . The corresponding increase rates for patent publications are 31.13% in China, 10.41% in Russia, and 5.96% in India.
Publication trends: institution level
Figures 3, 4, and 5 illustrate the paper publication trends for the most productive institutions in the three countries (starting from 1991 due to the limited publications before 1991). In China, CAS displayed the fastest growth (Fig. 3) . The other top 10 institutions, such as Tsinghua University, the University of Science and Technology of China, Nanjing University, Peking University, etc., showed a similar increasing trend in nanotechnology paper publication in the last 10-year period.
In Russia, RAS was distinguished from other institutions by its consistent growth pattern and the amount of publications (Fig. 4) . Moscow's M.V. Lomonosov State University was the second most productive institution. Several of the top 10 institutions showed a slow-down pattern in paper publication after 2000, such as the A.F. Ioffe Physical Technical Institute, Ufa State Aviation Technical University, and Novosibirsk State University. These changes may reflect the change of these institutions' focuses in recent years.
In India, most of the top 10 institutions showed a consistent increase in the last decade. IIT consistently had the largest publications after 1998. IIS had a lower growth rate than IIT and showed a similar publication trend to that of the National Chemical Laboratory from year 2000 to 2005, while the latter showed a decrease pattern after 2005. Indian Association for the Cultivation of Science maintained a steady increase rate during the 2000s and ranked third in 2007 within these institutions. The Indian Institution of Chemical Technology also experienced a rapid increase after 2002 (Fig. 5) .
Comparing the three countries' paper publication trends, we noticed that the most top institutions in China and India show a consistent upward trend, while many Russian institutions' nanotechnology publications slowed down after 1995. This could (Table 16 ). Impact analysis: institution level Tables 17, 18 , and 19 identify the high impact institutions in China, Russia, and India according to the average number of citations received from all SCI papers. We keep only the institutions with more than 100 papers to filter out the small institutions with a few high impact publications.
The tables also report the number of citations received in 2000 and 2007 for these high impact institutions. Among all Chinese institutions (Table 17) In India, four of the high impact institutions, namely, IIS, National Chemical Laboratory, Jawaharlal Nehru Centre for Advanced Scientific Research, and Tata Institute Fundamental Research, were also among the top 10 productive institutions. Among them, Jawaharlal Nehru Centre for Advanced Scientific Research has much higher citation rates than other institutions. In general, the top institutions' impact increased from 2000 to 2007 according to the citations they received.
Content map analysis
We used content maps to identify the dominant research topics of the three countries. Due to the limited number of patents in our data set, we were only able to conduct content map analysis on SCI papers . We first extracted possible topic terms from the papers' abstracts using the Arizona Noun Phraser (Tolle and Chen 2000) , a tool developed in the Artificial Intelligence Lab. Then, the topic terms were organized using the multi-level self- organizing map algorithm (Chen et al. 1996; Ong et al. 2005) , which positions similar topics closer together according to their co-occurrence patterns. Since ''nanotechnology'' encompasses many disciplines and research areas, the research topics have relevance to a wide range of technologies. Based on feedback from selected nanotechnology researchers, we categorize and discuss the nanotechnology topics we generated according to the following major subtopics:
(1) nanomaterial, which focuses on the development of nanomaterials and their novel electrical, catalytic, magnetic, thermal, or imaging features, (2) nano-devices, which include the creation and use of nano-scale structures, devices, and systems that have novel properties and functions due to their small size, and (3) measurement and characterization: the tools, methods, or experiment environments used to control or manipulate matter on an atomic scale. Table 20 . Paper topics covered in this time period focused primarily on nanomaterials and measurement.
(1) Nanomaterial-related topics included ''Thin films,'' ''Carbon nanotubes,'' ''Quantum dots,'' ''Single-walled carbon nanotubes,'' ''Self-assembled monolayers,'' ''Multi-walled carbon nanotubes,'' ''Center dot,'' and ''Composite films.'' (2) For measurement and characterization, the top topics discussed were ''Transmission electron microscope,'' ''Atomic force microscope,'' ''Scanning electron microscopy,'' ''X-ray photoelectron spectroscopy,'' and ''Scanning tunneling microscopy.'' Using those measuring tools, scholars combined different classical methods in chemistry or physical disciplines, such as ''Aqueous solutions,'' ''Sol-gel method,'' ''Hydrothermal methods,'' etc. and investigated phenomena, such as ''Magnetic properties,'' ''Mechanical properties,'' and ''Optical properties,'' which may be displayed by nanoparticles under the effect of ''Atomic force'' or ''Quantum effects. '' Russian SCI papers (1976 Figure 7 and Table 21 show the topics covered by Russian SCI papers from 1976 to 2007.
(1) Major nanomaterial-related topics included ''Quantum dots,'' ''Thin films,'' and ''Carbon nanotubes.'' There were also topics about the properties of nanomaterials on particle state, such as ''Ground state,'' ''Single crystals,'' and ''Crystal structures,'' and on particle size, such as ''Particle sizes,'' and ''Size distribution.'' (2) Nano-device related topics included ''Severe plastic deformation,'' ''Phase compositions,'' and ''Porous silicon.'' (3) Measurement-related topics included ''Atomic force microscopy,'' ''X-ray diffraction,'' ''Transmission electron microscopies,'' ''Scanning tunneling microscopy,'' ''Molecular beam epitaxy,'' ''Small-angle X-ray,'' and ''Absorption spectra.'' In Russian SCI papers, the most popular methods were related to ''Aqueous solutions'' and ''Molecular modeling.'' Other topics about experiment environments were mainly about temperature, such as ''Room temperatures,'' ''Temperature dependences,'' and ''Temperature ranges.'' Meanwhile, under a particular effect, ''Quantum effects,'' different properties of the nanoparticles were discussed, such as ''Optical properties'' and ''Magnetic properties.'' Indian SCI papers Figure 8 and Table 22 show the topics for India's paper publication.
(1) For nanomaterial topics, Indian papers covered ''Carbon nanotubes,'' ''Gold nanoparticles,'' ''Silver nanoparticles,'' and ''Quantum dots.''
They also covered some properties of particles such as ''Particle sizes,'' ''Average particle size,'' ''Grain sizes,'' and ''Crystallite sizes.'' (2) For nano-device topics, Indian papers covered ''Glass substrates'' and ''Mechanical alloying.'' (3) For measurement-related topics, Indian papers covered ''Atomic force microscopy,'' ''Transmission electron microscopy,'' ''Scanning One may notice that China, Russia, and India shared several important topics on nanomaterials, such as ''Quantum dots'' and ''Carbon nanotubes.'' These three countries also had common topics on measurement, such as ''Atomic force microscopy'' and ''Scanning electron microscopy.'' Overall, compared to China, Russia, and India both conducted more research on nano-device related topics.
Citation network analysis
We extracted and visualized the institution citation networks of papers to study knowledge diffusion patterns in the nanotechnology domain. We report the institution level citation network analysis on SCI papers . Due to data limitations, the patent citation networks did not provide statistically meaningful results, and are not reported here.
For visualization purposes, we extracted the top 100 links (according to the number of citations between the nodes) to create core citation networks. The core citation networks were visualized using the open source graph drawing software, Graphviz, provided by AT&T Labs (Gansner and North 2000) . The direction of the links in the graphs represents the direction of the citations (i.e., a link from ''institution A'' to ''institution B'' means that institution A's papers cited in institution B's papers) and the number beside the link is the total number of these citations.
China institution citation network Figure 9 shows the core institution citation network for nanotechnology papers from 1976 to 2007 in China. In the network, CAS was the largest citation center. University of Science and Technology of China, Peking University, Tsinghua University, Nanjing University, Zhejiang University, and City University of Hong Kong were the secondary citation centers. University of Science and Technology of China, Peking University, Tsinghua University, City University of Hong Kong, Nanjing University, and surrounding institutions form a close citation cluster. Figure 10 illustrates the core network for institutions in Russia. RAS was the largest citation center in the network. The other institutions in general had fewer India institution citation network Figure 11 illustrates the core institution citation network for India. We found that IIT was the largest citation center. Secondary citation centers included the Indian Institute of Science, Bhabha Atomic Research Centre, Jawaharlal Nehru Centre for Advanced Scientific Research, Indian Association for the Cultivation of Science, Institute of Physics, and the National Chemistry Laboratory. These institutions form a cluster with close citations. China and India had more citations between secondary citation centers than Russia. CAS, RAS, and IIT were the largest citation centers in the three countries, respectively, while they do not have the highest average citations per paper.
Russia institution citation network
Conclusions and future work
In this paper, we conducted an analysis of nanotechnology R&D outcomes in China, Russia, and India using paper publications in the SCI database and patent publications in the USPTO. We applied bibliographic, content map, and citation network analyses to assess the productivity, impact, research topics, and knowledge diffusion patterns in the three countries' nanotechnology research output. The main findings of this research include:
• The number of SCI papers published by China (49,193 in the interval 1984 China (49,193 in the interval -2007 highly exceeded those published by Russia (12,307 in , while Russia's was 11.88%, and India's was 33.51%. The patent publications exhibited less consistent patterns. However, the three countries were still able to achieve average growth rates in the interval 2000-2007 of 31.13, 10.41, and 5.96%, respectively. • In the three countries, most papers were published by universities and research institutions. In patent publications, private companies also played an important role.
• The top journals that published nanotechnology papers of the three countries included both domestic journals and journals in the US and Netherlands. Compared with China and India, domestic journals in Russia played a more important role in publishing Russian nanotechnology papers.
• In China and India, the paper publication rate of most of the top 10 productive institutes generally increased over time. However, in Russia most top institutions' publication rates slowed down after 2000.
• According to the number of citations, Chinese SCI papers and patents have the highest average number of citations (3.28 citations per paper, 0.73 citations per patent) among the three. In all three countries, the institutions with the largest output also tend to have a relatively larger number of citations per paper than the average. In the three countries' institution citation networks, CAS, RAS, and IIT, which are the most productive institutions in the three countries, were also the largest citation centers.
• Content map analysis shows that the three countries shared some common topics related to measurement, such as ''Atomic force microscopy,'' ''Scanning electron microscopy'' ''Aqueous solutions,'' as well as nanomaterials, such as ''Quantum dots'' and ''Carbon nanotubes.'' , 1976-2007 Compared with China, Russia, and India have conducted more research on nano-devices.
